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not capture their overall patterns of association. These
shortcomings suggest the desirability of a general
fMRI analytical technique capable of extracting the
intrinsic spatiotemporal structure of the data without
the aforementioned limitations associated with PCA
and other existing analytical tools.
Here we describe a new technique for the analysis of
fMRI data based on the statistical method of indepen-
dent component analysis (ICA) [Comon, 1994; Bell and
Sejnowski, 1995]. It potentially allows the extraction of
both transient and consistently task-related, as well as
physiologically-relevant nontask-related, and various
artifactual components of the observed fMRI signals.
INDEPENDENT COMPONENT ANALYSIS
Functional organization of the brain is based on two
complementary principles, localization and connection-
ism [Phillips et al., 1984]. Localization implies that each
psychomotor function is performed principally in a
small set of brain areas. This principle derives origi-
nally from clinical experience where a restricted locus
of damage to the nervous system could usually be
inferred from a specific pattern of deficits demon-
strated by a subject [Gardner, 1975]. Occasionally, the
locus of the lesion cannot accurately be directly deter-
mined by the pattern of deficits, as in the clinical
‘‘disconnection syndromes’’ (e.g., alexia without
agraphia [Duffield et al., 1994; Quint and Gilmore,
1992] and pure word deafness [Takahashi et al., 1992] ),
because the lesion interrupts connections between
macroscopic loci required to perform some psychomo-
tor task. This demonstrates the complementary prin-
ciple of connectionism that posits that the brain regions
involved in a given psychomotor function may be
widely distributed, and thus the brain activity re-
quired to perform a given task may be the functional
integration of activity in multiple macroscopic loci or
distinct brain systems (this is a different sense of the
term ‘‘connectionism’’ from that used to describe
neural network models).
Consistent with these principles, we suggest that the
multifocal brain areas activated by performance of a
psychomotor task should be unrelated to the brain
areas whose signals are affected by artifacts, such as
physiological pulsations, subtle head movements, and
machine noise which may dominate fMRI experi-
ments. Each of these separate processes may be repre-
sented by one or more spatially-independent compo-
nents, each associated with a single time course of
enhancement and/or suppression and a component
map (Fig. 2). We assume the component maps, each
specified by a spatial distribution of fixed values (one
at each voxel), represent possibly overlapping, multifo-
cal brain areas of statistically dependent fMRI signal
influence. Furthermore, we presume that the compo-
nent map distributions are spatially independent, and
hence uniquely specified. This means that if pk(Ck)
specifies the probability distribution of the voxel val-
ues Ck in the kth component map, then the joint
probability distribution of all n omponents factorizes:




where each of the component maps Ck is a vector (Cki,
i 5 1, 2, . . . M), and M is the number of voxels.
Figure 2.
Schematic of fMRI data decomposed into independent compo-
nents. Each independent component produced by the ICA algo-
rithm consists of a spatial distribution of voxel values (‘‘component
map’’), and an associated time course of activation. The four
schematic component maps show voxels participating most ac-
tively in each of four hypothetical components. Under ICA, the
signal observed at a given voxel is modeled as a sum of the
contributions of all the independent components. The amount
each component contributes to the data is determined by the
outer product of the voxel values in its component map with the
activation values in its time course. Note that active areas of
statistically independent map value distributions may be partially
overlapping.





































First	stage	subject	level	PCAs:	!!! = !!"! !!∗	for	each	subject,	si	for	i=1,	2,…,	M.	The	centered	and	normalized	data	of	each	i	subject	was	reduced	from	T	time	points	to	L.	A	total	of	M	separate	PCAs	are	performed,	one	on	each	subject's	data.	
Second-stage	study-group	level	PCA:	! = !!!!!°		
ç	1st:	Data	from	all	subjects,	si,	where	i=1,	2,…	M	are	concatenated	row-wise	and	PCA	is	performed.		2nd:	After	PCA,	the	study	data	is	reduced	from	(ML)×V	to	N×V	to	enable	ICA	estimation	of	N	components.	ê	
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For	independent	component	analysis,	the	independent	component	model	of	the	data	assumes	the	N	random	variables,	yj	where	j=	1,…,N	are	modeled	as	linear	combinations	of	a	mixture	of	N	sources,	sj	as	yj	=aj1s1+	…	+ajNsN	where	the	aȷ∙̇	are	from	a	square,	invertible	matrix	A,	which	is	to	be	estimated.		
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Three	methods	that	are	frequently	used	for	fMRI	analysis	are	the	following	(Jenkinson	et	al.	2012;	Calhoun,	and	Adali	2012;	Smith	2004):		



















































		 	 	 21	
If	the	values	of	Σ	are	in	descending	order,	the	data	reduction	and	whitening	transformation	takes	the	corresponding	L	columns	of	U,		UL	to	transform	Yi*.	For	subject	i	this	yields	
!! = !!L!!i ∗,	where	!!  is	the	resulting	L×V	reduced-dimension	data	matrix.		The	first-stage	principal	component	analysis	is	repeated	M	times,	once	with	each	subject's	data.	The	columns	of	!!  are	normalized	by	dividing	by	their	standard	deviations,	which	gives	!!°.	After	each	subject's	data	has	been	reduced	and	whitened	by	PCA,		the	image	data	from	all	M	subjects	are	concatenated	row-wise,	giving	a	(ML)×V	matrix:	










The	goal	of	independent	component	analysis	is	to	find	a	weight	matrix,	W,	that	maps	the	conditioned	data	onto	a	set	of	(unknown)	statistically	independent	source	component	vectors,	S=WX# .	Having	the	conditioned,	observed	data	X" ,	we	need	to	identify	an	invertible	matrix	W,	with	W-1=A,	that	defines	a	linear	transformation	mapping	the	source	components	onto	the	conditioned	data,	X"=W-1S=AS.	Independent	component	analysis	seeks	to	find	a	set	of	weight	vectors,	wj,	where	j=1,	2,….N,	the	number	of	components,	to	maximize	the	non-Gaussianity	of	WX" .	
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tN         tN         CN        The	ICA	model	! = !!!!, where !	is	the	N×V	conditioned	data	after	the	second	PCA;	!! 	is	the	N×N	mixing	matrix	that	maps	the	data	onto	the	components;	and	!! is	the	N×V	spatial	mapping	of	the	sources	(components)	at	each	voxel.		
		 	 	 24	
1. !! ! = !! log cosh !" 	with		!′! ! = tanh !" 	and	!′′! ! = 1− tanh! !" ,	where	1≤a≤2	(often	a=1*),	which	was	found	to	be	a	"good	general-purpose	contrast	function"	and	a	robust	estimator.		2. !! ! = −! !!!! 	with		!!! ! = !! !!!! 	and	!!!! ! = 1− !! ! !!!! ,	which	is	better	if	components	are	highly	super-Gaussian;	it	was	found	to	be	more	robust	than	the	others	and	may	be	more	computationally	efficient,	if	performance	is	of	concern.	3. !! ! = !! !!	with	!′! ! = !!	and	!′′! ! = 3!!,	which	is	related	to	the	use	of	kurtosis	as	one	of	the	first	measures	of	Gaussianity	used	in	ICA;	as	a	quadratic	equation	it	is	conceptually	simple	and	was	easy	to	program	when	computation	speed	was	an	issue,	but	it	is	also	sensitive	to	outliers;	Hyvärinen	states	that	this	is	better	when	sub-Gaussian	components	are	expected.	
The	FastICA	Algorithm	Hyvärinen	describes	his	fixed-point	ICA	algorithm,	which	he	named	FastICA,	in	the	following	manner	(for	the	derivation	see	Appendix	E)	(Hyvärinen,	Karhunen,	and	Oja	2001):	
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Dual	regression,	which	is	used	here,	uses	a	two-step	least-squares	approach	to	estimate	components	for	each	subject.	Also	refer	to	Figure	6.	The	first	step	estimates	the	time	course	of	activation	for	each	component.	The	equation	is	!! = !!!!+ !!" where	Yi	is	the	subject's	observed	data,	prior	to	the	PCA	data	reductions,	!	are	the	estimated	components,	common	to	all	subjects,	and	!!!	are	time	course	activations	of	
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each	component	for	each	subject	to	be	estimated,	plus	an	error	term	with	E[E1i]=0.	We	use	this	notation	for	clarity,	to	remain	consistent	with	the	model	notation;	however,	the	"+"	is	used	to	signify	that	A	is	no	longer	an	N×N	mixing	matrix,	but	contains	as	many	time	points	as	the	subject's	original	data.	!!!is	T×N,	giving	the	activation	levels	of	each	subject's	components	over	T=94	time	points	for	the	N=20	components.	
The	OLS	estimate	of	!!!,	the	subject-specific	time	course	is	then		
!!! =  !! !! !!! !!,	where	Yi	is	the	subject's	observed	data,	prior	to	the	PCA	data	reductions.	The	second	step	of	the	dual	regression	uses	!!!,	the	subject-specific	time	courses	from	the	first	step,	and	relaxes	the	assumption	of	a	common	spatial	mapping	of	the	sources	across	all	subjects	to	identify	subject-specific	spatial	mappings	corresponding	to	the	full	time	course	associated	with	each	component:		
!i = !!!!! + !!"	,	where	!!!	are	the	subject-specific	time	courses	estimated	in	Step	1,	Si	are	spatial	mappings	of	the	sources	for	each	subject	to	be	estimated,	plus	an	error	term	with	E[E2i]=0.	The	estimated	Ŝi,	are		 !i = !!!!!!! !!!!!! !i.	
		 	 	 27	
Figure	6		Dual	regression	
	While	the	assumptions	seem	contradictory	(i.e.,	the	common	spatial	mappings	can	reveal	subject-specific	time	courses,	which	in	turn	can	identify	subject-specific	spatial	mappings)	according	to	Calhoun	&	Adali,	in	practice	the	method	seems	to	work	"quite	well"	(Calhoun,	Vince	D.	and	Adali	2012).	The	dual	regression	procedure	yields	a	total	of	NM=1160	component	image	and	time	course	pairs,	 !!ij, !ij! ,	where	i=1,	2,	…,	58	and	j=1,	2,	…,	20,	identifying	a	set	of	N=20	components	for	each	of	the	M=58	study	subjects.	
The	end	result	for	each	subject	was	a	set	of	N=20	component	vector	pairs	consisting	of	the	spatial	maps,	ŝij,	each	of	which	is	a	vector	with	V=190,446	elements	that	identified	the	voxels	in	which	the	component	was	present,	and	!ij!, a	T=94-element	vector	that	contains	the	timeline	of	activations	of	that	component.	Note	that	!ij!is	the	jth	column	of	!i!	 and ŝij	is	the	jth	row	of	Ŝi.	
After	the	subject-level	component	spatial	maps	and	time	courses	are	estimated,	the	time	courses	for	the	N	group-level	components	are	estimated	using	an	average	of	all	M	of	the	subject-level	time	courses	for	that	component.	For	each	j=1,	2,	…,	20	component,	the	average	time	course	is	!!! = !!"!!!!!! .		
Each	of	the	N	group-level	component	pairs,	âj+	and	ŝj	where	j=1,	2,	…N	and	the	NM	subject-level	component	pairs:	âij+	and	ŝij,	where	i=1,	2,	…,	M	and	j	is	as	above,	
					 DUAL	REGRESSION		 	
!!! =  !! !! !!! !!	
!! = !!!!+ !!" Step	1:	Each	subject's	data	are	used	in	regressions	with	each	of	the	estimated	components	to	generate	vectors	of	time	courses,	!!!,	for	subject	i	for	all	components.	Note	that	the	"+"	indicates	that	this	estimate	of	A	is	not	a	N×N	mixing	matrix,	but	corresponds	to	the	T	activation	times	from	the	subject's	original	scan.			 	 	!! = !!!!!!! !!!!!!!!	 !! = !!!!+ !!" Step	2:	All	subjects'	data	are	used	in	regressions	against	the	time	courses	estimated	in	Step	1	to	get	subject-level	spatial	mappings	for	each	component.				(Mayo	Foundation	for	Medical	Education	and	Research	2018)	(Mayo	Foundation	for	Medical	Education	and	Research	2018)		
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component	to	answer	the	primary	research	question.	Each	of	the	20	components	had	
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After	each	regression	model	was	fitted,	we	recorded	the	p-value	of	the	voxel's	coefficient	to	create	a	"p	value	map"	of	a	model	brain	for	each	component.	The	resulting		brain	map	would	show	the	voxels	significantly	affected	by	the	disease	longevity,	in	months	since	diagnosis.	(This	would	yield	a	component	image,	like	those	seen	in	the	above	figures	where	instead	of	seeing	a	map	of	activation	levels,	it	would	show	a	mapping	of	the	voxels	that	had	statistically	significant	coefficients	in	that	voxel's	respective	regression	model.)	
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Figure	11	Spectral	plot	of	Component	2	
	 	 		 	
From	the	orthographic	images	of	Component	2	(refer	to	Figure	12)	and	Component	5	(see	Figure	13),	i.e.,	ŝ2		and	ŝ5,	it	does	not	appear	that	these	components	are	noise-dominated,	but	neither	do	they	reflect	signals	originating	in	neural	structures	(gray	matter).	The	areas	in	which	the	active	voxels	appear	are	mostly	within	the	ventricles	of	the	brain,	areas	within	the	brain	in	which	cerebral	spinal	fluid	circulates	and	areas	through	which	larger	blood	vessels	of	the	brain	pass.	Cerebrospinal	fluid	(CSF)	surrounds	the	brain	and	the	spinal	column	providing	both	mechanical	and	biological	protection	to	the	neural	structures.	This	fluid	is	not	static,	but	pulsates	as	it	is	pumped	through	the	spinal	column	and	cranial	cavity,	similar	to	the	movement	of	blood	through	the	vascular	system.	In	fact,	if	a	subject's	heart	rate	is	60	beats	per	minute,	that	represents	a	frequency	of	0.0167,	which	is	well	within	the	range	of	expected	signals	from	the	fMRI	scan.	
This	shows	a	noisy	signal.	This	may	reflect	noise	or	interference	from	other	signals.		
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Conclusion	Functional	MRI	data	can	provide	insight	into	human	cognitive	processes	and	is	potentially	a	very	rich	source	of	data.	Although	independent	component	analysis	is	useful	as	a	method	for	making	such	complex	data	more	manageable,	in	analyses	that	compare	subject-level	or	group-level	differences,	independent	component	analysis	can	only	be	used	as	the	first	step,	although	it	can	provide	valuable	information	as	a	starting	point	for	further,	more	in-depth	analyses.		
Appendices	
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Appendix	A	Mapped	Resting-State	Brain	Regions	
Figure S2. Fourteen intrinsic connectivity networks identified in resting-state data by group ICA. This figure shows 
the ROIs contained within each ICN. (A) Auditory, (B) Basal Ganglia, (C) Posterior Cingulate Cortex (PCC)/Medial 
Prefrontal Cortex (MPFC), (D) Secondary Visual Cortex (V2), (E) Language, (F) Left Dorsolateral Prefrontal Cortex 
(DLPFC)/Left Parietal Lobe, (G) Sensorimotor, (H) Posterior Insula, (I) Precuneus, (J) Primary Visual Cortex (V1), (K) 
Right Dorsolateral Prefrontal Cortex (DLPFC)/Right Parietal Lobe, (L) Insula/Dorsal Anterior Cingulate Cortex (dACC), 





















Shows	the	activation	of	each	group-level	component	as	the	average		across	all	subjects:	!!! = ∑ !!"!!!!!! .	Can	give	an	indication	of	movement	noise	as	seen	in	an	abrupt	change	in	the	waveform,	e.g.		
Rendered	Image	Spatial	map,	ŝj	as	it	would	appear	in	a	3-D	model	of	a	brain.	Six	different	views	are	shown,	arranged	as	indicated	below:	














































































































































































1	 Movement	 	 X	 9	/	3.01	 	 	
2	 	 Interference	 	 2	/	4.55	 	 	
3	 Movement	 	 	 	 	 	
4	 Movement	 Interference	 	 	 	 	
5	 	 Interference	 	 4	/	4.16	 	 	
6	 	 	 X	 5	/	5.25	 	 	
7	 	 	 X	 6	/	3.23	 	 	
8	 	 	 	 	 	 	
9	 	 	 X	 	 4	/	0.007	 	
10	 	 	 	 	 	 	
11	 	 Possible	 	 	 2	/	0.014	 	
12	 	 	 X	 	 5	/	0.006	 	
13	 	 	 	 1	/	4.63	 	 Corr:	0.091	
14	 	 	 	 	 7	/	0.005	 	
15	 	 	 X	 3	/	4.43	 1	/	0.038	 	
16	 	 	 X	 	 3	/	0.009	 	
17	 	 	 X	 8	/	3.11	 	 	
18	 	 	 	 	 6	/	0.006	 	
19	 	 	 	 	 	 	




∇E[H(wTx)]=-λ∇||w|| or	E[xH'(wTx)]+λw=0	Newton's	iteration	method	to	find	an	approximate	solution	of	f(w)=0,	gives	the	updating	formula:	w* = !− !(!)!!(!)		where	f(w)	here	is	=E[xH'(wTx)]+λw=0	!"!! = E[!!TH′′(!T!)]+ λ	which	can	be	approximated	as	E[xxT]E[H''(wTx)]+λ.	Since	the	data	has	been	whitened,	E[xxT]=I	and	this	becomes	E H!! wTz ! + λ!. This	matrix	is	now	diagonal	so	it	can	be	inverted.	Newton's	equation	becomes	
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